Summary Chromosome numbers were determined and karyotypes were analyzed in 54 individuals from 9 populations representing 9 species of Campanula viz. C. alliariaefolia, C. carpatica, C. glomerata, C. lactiflora, C. raddeana, C. rigidipila, C. rotundifolia, C. siegizmundi and C. trachelium. The recorded diploid chromosome number in all the populations examined was 2nϭ2xϭ34, except in C. glomerata (2nϭ2xϭ30) and C. rotundifolia (2nϭ4xϭ68). Chromosome numbers in each of C. rigidipila and C. siegizmundi are scored for the first time, whereas those of the other species had confirmed previous reports. The karyotype parameters used were significantly differentiated in the species and the interspecific relationships were consistent with the current taxonomic delimitations. The evolutionary trends of the species based on their chromosomal data in relation to the morphological attributes and the geographical distribution were assessed.
variety of taxonomic and evolutionary questions (Lammers 1993) . The previous investigations (e.g. Gadella 1964 , Contandriopoulos 1981 , Phitos and Kamari 1987 have increased the knowledge about the delimitation of many Campanula taxa. However, wide range of variation in basic chromosome number (xϭ7, 8, 10, 17) and controversial counts have arisen in many species. The diploid chromosome numbers of 2nϭ96, 86 and 34 were recorded in C. alliariaefolia (Matsuura and Suto 1935 , Sugiura 1942a , Gadella 1964 , 2nϭ32 and 34 in C. carpatica (Böcher and Larsen 1955, Gadella 1964), 2nϭ30, 68, 34 and 90 in C. glomerata (Gadella 1964 , Hara 1956 , Krogulevich 1978 , Contandriopoulos 1981 , 2nϭ102 and 34 in C. raddeana (Sugiura 1942a , Gadella 1964 and 51 in C. rotundifolia (Guinochet 1942 , Böcher 1960 , Podlech 1962 , Gadella 1963 , Kovanda, 1966 ) and 2nϭ51 and 34 in C. trachelium (Gadella 1964 (Gadella , 1966 respectively, which are among the subject matter of the present study. The Egyptian species have a well-established diploid chromosome number in all of their known reports with 2nϭ2xϭ28 in C. erinus (Sugiura 1942a, Böcher and Larsen 1955) and 2nϭ2xϭ34 in C. dimorphantha, C. dulcis, and C. sulphurea (Podlech and Damboldt 1963 , Gadella 1964 , Contandriopoulos 1981 , respectively.
Variations of chromosome number besides the karyological analyses are representing fundamental steps toward understanding of the evolutionary trends in various taxa, especially the relationship between each of the ploidy level, biogeography and origin of the basic chromosome number (Lammers 1993 , Badr et al. 1997 , Abou-El-Enain 2002 . However, there is a considerable paucity of the detailed karyological studies in relation to the interspecific and phylogenetic relationships in the genus Campanula. In this paper karyotypes of selected species of the genus particularly those with the unknown or questionable chromosome counts are analyzed in order to examine their patterns of chromosomal variations in relation to current taxonomic delimitation, to compare the data obtained with those compiled from previous studies and to show the potential utility of such data for gaining an insight into the phylogenetic relationships among the genus.
Materials and methods
Seeds of the studied taxa were provided by the German Botanical Gardens of Martin Luther University (MLB), Halle and Potsdam University (PUB), Potsdam. The examined material, their source, population numbers, origin and taxonomic delimitation (Sáez and Aldasoro 2003) are given in Table 1 . Voucher specimens have been deposited at the Herbarium of Biological Sciences and Geology Department, Faculty of Education, Ain Shams University, Egypt. Each of the populations studied comprised 100 seeds from at least five plants.
Somatic chromosomes were studied in root meristems of germinating seeds, which were pretreated for 3-4 h in 0.05% colchicine solution at 25°C, washed and fixed in 3 : 1 absolute ethanol : glacial acetic acid overnight. The root tips were cut and hydrolyzed for 6 min in 1 M HCI at 60°C, washed and stained in Feulgen's solution for 1-2 h. Stained tips were squashed in a drop of 3% acetocarmine and permanent preparations were made by mounting in Euparal. Slides were prepared with only one root tip per slide, each seedling being considered as one individual within the population. The cells with a good spread of chromosomes were photographed using a Carl Zeiss Photomicroscope III and prints were enlarged to magnifications of 1600 and 2500. Chromosome counts were made from well-spread metaphases in intact cells by each of the direct observation and from microphotographs.
For the numerical characterization of the karyotypes, 5 to 10 chromosome complements for each individual were measured and the satellites were not considered in the measurements. Average length and the average arm ratio of chromosome pairs were determined for each individual plus the mean chromosome length (MCL) in mm and the mean arm ratio (MAR) as defined by Levan et al. (1964) , per population. The Standard Errors (SE 1 ) and (SE 2 ) were calculated for each of MCL and MAR, respectively. Karyotype asymmetry based on the relation between the chromosome arms A 1 (intra-chromosomal asymmetry index) and length A 2 (inter-chromosomal asymmetry index) was estimated using the equations of Zarco (1986) and the categories of Stebbins (1971) as A 1 ϭ1Ϫ[∑ (b/B)/n] and A 2 ϭs/x, where b and B are the mean length of short and long arms of each pair of homologues, respectively, n is the number of homologues chromosome pairs, s is the standard deviation, and x equals to the mean chromosome length. Morphological and geographical distributional data of the present species were derived from literature.
Results and discussion
Chromosomal characters were sampled from seeds of 54 individuals from 9 populations representing 9 species. A summary of their chromosomal data is given in Table 1 and the mitotic metaphase chromosomes are illustrated in Figs. 1-9 which are numbered as shown in Table 1 . The recorded diploid chromosome number in all the populations analyzed is 2nϭ2xϭ34, except in C. glomerata (2nϭ2xϭ30) and C. rotundifolia (2nϭ4xϭ68). Chromosome numbers in each of C. rigidipila and C. siegizmundi are scored for the first time, whereas those of the other studied species are confirming the reports of Gadella (1964) for C. alliariaefolia, C. carpatica, C. glomerata and C. raddeana; Sugiura (1942b) for C. lactiflora; Böcher (1960) , Podlech (1962) for C. rotundifolia and Gadella (1966) for C. trachelium, respectively. Mabberley (1987) and Lammers (1993) reported the presence of the polymorphism and different cytotypes in many species, especially those occupying slightly disturbed habitats as a result of different sympatric events. Investigation of the current and previous chromosome counts and reports of the studied species in relation to the morphological features have revealed that the alternative counts in most studied species are correlated with the basic chromosome number of xϭ17. These counts can be shown and explained as follows: 2nϭ86 (Sugiura 1942a) aefolia; 2nϭ32 (Böcher and Larsen 1955) ϭ2xϪ2 in C. carpatica; each of 2nϭ30 (Gadella 1964) ϭ2xϪ4, 2nϭ68 (Hara 1956 )ϭ4x and 2nϭ90 (Contandriopoulos 1981 )ϭ5xϩ5 in C. glomerata; 2nϭ102 (Sugiura 1942b )ϭ6x in C. raddeana; 2nϭ36 (Gadella 1964 )ϭ2xϩ2 in C. lactiflora; each of 2nϭ56 (Guinochet 1942) ϭ3xϩ5, 2nϭ102 (Podlech 1962) ϭ6x, 2nϭ68 (Gadella 1963) ϭ4x and 2nϭ51 (Kovanda 1966 )ϭ3x in C. rotundifolia and 2nϭ51 (Gadella 1966) Figs. 1-9. Somatic chromosomes of Campanula species. 1) C. alliariaefolia, 2nϭ34. 2) C. carpatica, 2nϭ34. 3) C. glomerata, 2nϭ30. 4) C. lactiflora, 2nϭ34. 5) C. raddeana, 2nϭ34. 6) C. rigidipila, 2nϭ34. 7) C. rotundifolia, 2nϭ68. 8) C. siegizmundi, 2nϭ34. 9) C. trachelium, 2nϭ34. Scale barϭ10 mm.
respectively. The polyploid races of these species are generally differing from diploids in minor quantitative morphological traits which include the larger size of the corolla, capsule, seeds, stomata and pollen grains with considerable intergradations of these attributes (Fedorov and Kovanda 1976, Petit and Thompson 1999) . These data confirm the presence of different cytotypes in the studied species as well as the polyploid series in each of C. glomerata and C. rotundifolia and revels the comparatively highly derived status of such species. Mean chromosome length (MCL) values are significantly differentiating the species and show that the species studied are sharing the major karyotypic characteristics. The chromosomes in general are medium-long (Table 1) , the highest MCL value (5.39 mm) is recorded in C. lactiflora, and the lowest value (2.43 mm) is found in C. rotundifolia. Chromosomes with MCL values ranging between 4.25 and 2.58 mm were observed in the remaining species. The chromosome complements of the examined species (Figs. 1-9 ) are symmetrical with regard to the length and are homogeneous with regard to the uniformity. The variation in length between the chromosomes is reflected in the values of SE 1 and A 2 ( Table 1 ). The chromosomes most variable in length are found in C. trachelium (SE 1 ϭ0.15, A 2 ϭ0.25), whereas the most uniform chromosomes are in C. lactiflora (SE 1 ϭ0.07, A 2 ϭ0.10). All the studied species have karyotypes comprising submetacentric chromosomes, as indicated by their mean arm ratio (MAR). The highest value (MARϭ1.52) is found in C. carpatica, whereas the lowest value (1.18) is recorded in C. alliariaefolia. The majority of species have a high degree of karyotype asymmetry as indicated by the relatively low SE 2 and high A 1 values. The most asymmetric karyotype is observed in C. glomerata (SE 2 ϭ0.02, A 1 ϭ0.95), whereas the least is recorded in C. alliariaefolia (SE 2 ϭ0.07, A 1 ϭ0.88). Thus, the studied species especially those of Sect. Campanula i.e. C. alliariaefolia; C. glomerata; C. raddeana; C. rotundifolia; C. trachelium have a general homogeneity with infragroup variability and agree with their current taxonomic delimitation. The uncertain position species C. rigidipila and C. siegizmundi are revealing a tendency to relate with those of Sect. Campanula. The species of Sect. Rapanculus i.e. C. carpatica and C. lactiflora are more heterogeneous, as C. lactiflora has a slight deviation either from C. carpatica and the rest of the species studied (Table 1) . Fedorov (1957) assigned C. lactiflora to the Sect. Rapunculus based on macro-morphological characters. Shulkina (1979) separated such species in a new different monotypic genus Gadellia as G. lactiflora based mainly on the chromosome number of 2nϭ2xϭ36 in addition to minor differences in micro-morphological characters. However, Victorov (2000) and Eddie et al. (2003) merged Gadellia among the genus Campanula as a subgenus based on morphology of the inflorescences and molecular data, respectively. From the present data, the diploid chromosome number of 2nϭ2xϭ34 and the presence of different cytotypes in C. lactiflora i.e. 2nϭ2xϭ34 and 36 are comparable to those recorded in the other species studied and are more related to the attributes of the genus Campanula, whereas their MCL value reveals a slight deviation. Similarly, this species exhibits all morphological attributes of the genus (Fedorov and Kovanda 1976 ) except the tap roots; leaves ovate or elongate-ovate, bi-serrate; flowers many in a paniculate inflorescence. Such data are consistent with the ascription of C. lactiflora to a distinct subgenus among the Campanula as done by Victorov (2000) and Eddie et al. (2003) . Böcher (1966) and Contandriopoulos (1981) suggested that the original basic number in the genus is xϭ8. However, Raven (1975) argued that xϭ7 is the ancestral number, whereas Lammers (1993) proposed xϭ17 as the primary number of diversification. Petit and Thompson (1999) reported that the polyploidisation had a higher effect than the structural changes on the taxonomic diversification of the Campanula species. On the other hand, Stebbins (1974) and Moore (1978) explained that the presence of more frequent diploids and dysploids than the polyploids are plesiomorphic (less evolved) characters. Lammers (1993) clarified that the considerably high primary basic chromosome number of xϭ17 in the genus represents apomorphic conditions (more derived) among those of the angiosperms. Investigation of chromosomal data of the present study as well as those in the previous reports (Podlech and Damboldt 1963 , Gadella 1964 , Laane 1968 , Fedorov 1969 , Moore 1974 , 1977 , Goldblatt 1981 , 1984 , 1985 , 1988 , 1994 , 1996 , 1998 , Goldblatt and Johnson 1990 , 1991 , Murin 1993 has indicated that among the Campanula species of the known chromosome counts (ca. 263/350ϭ75%) diploids are representing 70.3% compared to 25% polyploids and 4.7% dysploids. The percentage of diploid species based on xϭ7 (2nϭ2xϭ14) is 0.8% corresponding to 4.5% of xϭ8 (2nϭ2xϭ16); 6% of xϭ10 (2nϭ2xϭ20) and 59% of xϭ17 (2nϭ2xϭ34). The percentage of polyploids based on xϭ7 (2nϭ4xϭ28) is 2.5% corresponding to 3% of xϭ8 (2nϭ4xϭ32); 0.5% of xϭ10 (2nϭ4xϭ40) and 19% of xϭ17 (2nϭ4x, 6x= 68, 102, respectively). The total frequency of both diploid and polyploid species based on xϭ7 represents 3.3% corresponding to 7.5%, 6.5% and 78% for xϭ8, 10 and 17, respectively. The high percentage of total diploid and polyploid chromosome number based on xϭ8 reveals that this number could strongly be the original basic chromosome number of the genus as proposed by Böcher (1966) and Contandriopoulos (1981) . The great dominance of species with 2nϭ2xϭ34 confirms that, xϭ17 is the primary basic number of diversification and it could be originated as a paleopolyploidy from xϭ8 (as 2nϩ1ϭ17). In contrary to the report of Petit and Thompson (1999) the great dominance of the diploid species over the polyploids reveals that the variation of chromosome characters at the diploid level is the predominant feature in the evolution of the genus. Thus, the sympatric speciation via polyploidization has played a minor role in its species diversity. Furthermore, the observed differences in the chromosomal criteria (Table 1 ) and sharing of the major karyotype characters especially the high degree of karyotype asymmetry confirm that the mechanisms of speciation have involved higher structural than the numerical changes in the diversification of the species. Oganesian (1999) and Eddie et al. (2003) reported that the genus could be originated in the eastern Himalayas and western China and considered the Mediterranean region as subcenters of the genetic diversity. However, Saez and Aldasoro (2003) considered the Mediterranean region especially Armenian Highlands and the Caucasus as the primary center of the diversity. The geographical distribution of the studied Campanula species either in the present work or from literature revealed that the species of the relatively low chromosome numbers e.g. C. persicifolia and C. aizoon (2nϭ2xϭ16), C. cecillii (2nϭ2xϭ20) and C. glomerata (2nϭ2xϭ30) are mainly distributed in western China and extend to East/Middle of the Mediterranean region particularly in Britain, Greek, Italy and Sweden respectively, with large disjunctions in the alpine and subalpine mountains of East and South Europe. The polyploid species e.g. C. rapunculoides (2nϭ6xϭ102), C. scheuchzeri and C. rotundifolia (2nϭ4xϭ68), C. americana and C. sibirica (2nϭ6xϭ102), C. caucasica (2nϭ6xϭ102) are mainly distributed in each of North Europe, North America and East Asia (Laane 1968 , Fedorov and Kovanda 1976 , Contandriopoulos 1981 , Stuessy and Crawford 1998 , Eddie et al. 2003 . The diploid species with 2nϭ2xϭ34 which are represent the bulk of the genus are mostly found in Eurasia, Africa and Caucasia e.g. C. carpatica (E. Europe), C. alliariaefolia and C. trachelium (Turkey), C. lactiflora and C. raddeana (Caucasus), C. rigidipila (Balkans and Ethiopia). The general distribution of the species of the different ploidy levels reflects that the primary center of genetic diversity could be in the eastern Himalayas and western China, whereas the main center could be in the Caucasian Mountains region. Presence of the majority of the polyploid species with a considerably high frequency in North Europe and North America as well as the highlands around the Indian Ocean is a clear evidence for the presence of a parallel polyphyletic mode of evolution in the genus. The presence of a higher percentage of species with a diploid chromosome number based on xϭ8 in the Old World than those of xϭ7 which are mainly found in New World is a further support for xϭ8 as the original basic chromosome number of the genus.
